The design, fabrication, and evaluation of a high-frequency transducer made from lead-free piezoceramic for the application of microfluidic analysis is described. Barium strontium zirconate titanate [(Ba 0.95 Sr 0.05 )(Zr 0.05 Ti 0.95 )O 3 , abbreviated as BSZT] ceramic has been chosen to be the active element of the transducer. The center frequency and bandwidth of this high-frequency ultrasound transducer have been measured to be 43 MHz and 56.1%, respectively. The transducer was integrated into a microfluidic channel and used to measure the sound velocity and attenuation of the liquid flowing in the channel. Results suggest that lead-free high-frequency transducers could be used for in situ analysis of property of the fluid flowing through the microfluidic system.
I. INTRODUCTION
Microfluidics have been widely used in the fields of biology and chemistry due to various advantages which include the ability to use very small amount of samples, low cost, short time for analysis, high detection resolution, and sensitivity, etc.
1-3 The rapid development of microfabrication technology has allowed us to miniaturize biological and chemical processes, which brings about the field of micro-total-analysis system (μ-TAS), also called "lab-on-a-chip" which includes separation, treatment, and detection of various samples. 4, 5 For liquids (e.g., oil and petrol), the acoustic velocity, density, concentration, and attenuation are important physical properties that help to characterize their quality. Conventionally, optical and electrochemical methods are used in microfluidic analyses. Recently, a pair of piezoelectric lead magnesium niobate-lead titanate (PMN-PT) single crystal transducers was used to measure the velocity and attenuation of the liquid flowing in a microfluidic system. 6 Here, we present a similar acoustic detection method using one lead-free highfrequency transducer.
Lead-based piezoelectric materials, such as PMN-PT and lead zirconate titanate (PZT), are often used as the active element to fabricate transducers due to their high piezoelectric coefficient and high thickness mode electromechanical coupling coefficient. 7, 8 However, lead-based materials contain lead which is toxic and is a hazard to the environment. Many countries have banned the use of lead-based materials (e.g., in lead soldering) and, therefore, it is important to replace the lead-based materials with lead-free materials for environmental protection.
9, 10 (Ba 0.95 Sr 0.05 )(Zr 0.05 Ti 0.95 )O 3 (BSZT) ceramics have been reported to have good piezoelectric properties and have been used in making device such as stepped horn transducer. 10, 11 In this work, the fabrication of a high-frequency lead-free BSZT transducer is described and its performance evaluated by means of a pulse-echo method. A BSZT transducer with a center frequency of ∼43 MHz has been integrated into a microfluidic system prepared by a soft-photolithographic method using polydimethylsiloxane (PDMS). The microfluidic device is then used to evaluate various important physical properties of the liquid medium flowing within the channel.
II. EXPERIMENTAL

A. Fabrication of the BSZT needle transducer
A conventional mixed oxide technique was used to prepare the BSZT ceramic discs of 1.3 mm diameter 10 using reagent grade metal oxides and carbonate powders. A conductive backing material E-Solder 3022 (VonRoll Isola, New Haven, CT) was cured on one side of the BSZT ceramic disc. The other side of the disc was lapped to the designated thickness of 60 μm. With the use of a dicing saw (Model DAD 321, DISCO, Japan), the active element with dimensions of 0.9 mm × 0.9 mm was cut out. A copper wire was adhered to the conductive backing and the element was fixed into a stainless steel housing ( Fig. 1 ) by epoxy (Ciba-Geigy, 5 min Araldite). Subsequently, the BSZT element was electrically connected to the stainless steel tube (2.2 mm diameter) housing using a thin layer of silver paint, forming the common ground connection. The transducer was then poled under an electrical field of 3 kV/mm at 25
• C for 30 min to elicit the piezoelectric properties of the BSZT ceramics.
The fabricated BSZT ceramics were measured using a d 33 meter (ZJ-30 piezo d 33 meter) and found to have a large piezoelectric coefficient of 300 pC/N. A thickness mode electromechanical coupling factor of 0.45 was found using the resonance technique. A clamped dielectric constant ε S 33 of 1346 and a loss tangent tan δ = 2.5% were measured at 5 MHz. In order to match 50 impedance of the driving circuit, the transducer has to be fabricated into an area of 0.9 mm × 0.9 mm. The area is determined by the equation where C is the capacitance at 5 MHz, t is the thickness, ε S 33 is the clamped dielectric constant, and ε 0 is the permittivity of vacuum. The capacitance can be estimated using the equation
where f is the resonance frequency (∼43 MHz) and Z is the electrical impedance which is 50 . To determine the center frequency, bandwidth, and insertion loss of the transducer, a pulse-echo response arrangement was employed. The transducer, mounted in a water tank in front of a thick stainless steel target, was connected to a Panametrics 5900PR pulser/receiver. The testing distance was at a 2 λ in the far field region, where a is the radius of the transducer and λ is the acoustic wavelength in water at the resonance frequency. The transducer was excited by 1 μJ electrical impulse with 1 kHz repetition rate and 50 damping. The echo response was displayed on an oscilloscope (HP Infinium) captured by the circuit of the 5900PR together with the frequency spectrum calculated by the built-in fast-Fouriertransform math feature on the oscilloscope. The two-way insertion loss was measured by a Tektronix AFG 3251 function generator with 50 output impedance. A tone burst of a 20-cycle sine wave with an amplitude of 1 V was generated at the center frequency of the transducer, as measured by the oscilloscope with 50 coupling. By connecting the transducer to the function generator, the voltage amplitude of received echo was measured by the oscilloscope with 1 M coupling.
B. Fabrication of the microfluidic system
The microfluidic channel was made up of two parts. The bottom part was formed by a PDMS mixture with a ratio of 10:1 prepolymer and crosslinking polymer. It was cured at 85
• C for 1 hr and is 3 mm thick. The transducer was fixed into a tube of slightly larger diameter (2.6 mm) to enable a smooth movement along its axial direction, and a nonharden- ing gasket joining compound (Loctite Ultra Black) was added to prevent leakage of the liquid during measurement. The transducer was then fixed into the bottom layer of PDMS. A polished metal block (2.6 mm diameter) was fixed at 2.8 mm away from the transducer to reflect the ultrasonic pulse. A chamber was formed by cutting away the PDMS (2.6 mm × 2.8 mm × 2.6 mm) between the transducer and the metal block and by the cylindrical cavity of radius 1.4 mm in the upper PDMS block. The schematic diagram of the microfluidic system is shown in Fig. 2 . To fabricate the Si mold for the upper part of the channel, a thin layer of photoresist was spun on a silicon wafer and patterned by a high precision plastic mask. Lithographic techniques were employed to develop the channel pattern. PDMS of ratio 5:1 was poured onto the Si mold. After curing, the PDMS was peeled off from the mold. The channel has a height of 10 μm. Finally, oxygen plasma treatment was applied to both surfaces for 1 min to enable bonding between the two PDMS layers. Figure 3 shows a photograph of the prototype microfluidic system. 
III. RESULTS AND DISCUSSION
The electrical impedance versus frequency of the transducer was measured by an HP4194A impedance analyzer (Fig. 4) . The electrical impedance is ∼50 near the maximum of the phase angle (∼43 MHz). From the measured pulse-echo waveform as shown in Fig. 5 , the center frequency is found to be ∼43 MHz and the −6 dB bandwidth is 56.1%. The two-way insertion loss was found to be −26 dB at the center frequency, which is higher than that of the PMN-PT transducer 6 (−15.8 dB) presumably due to the higher tan δ (= 2.5%) of BSZT (in PMN-PT, tan δ = 0.5%).
In this system, the transducer acts as both transmitter and receiver. An electrical signal is delivered to the transducer by a function generator to produce a pulse; the pulse is reflected by the metal surface and received by the same transducer after a time delay. Sound velocity c could be calculated by
where d is the distance between the transducer and the reflector and t is the time of flight. Sodium chloride (NaCl) and potassium chloride (KCl) solution with different concentrations are used as testing samples. Each solution was pumped using a syringe pump (Baoding Longer Precision Pump Co., Ltd., model TS2-60) and flew through the microchannel at a rate of 20 μl/h. The measured sound velocity of water at 22
• C is 1481.8 m/s, which is close to the reported value. 12 The sound velocity of the saline solution with different weight percentages of NaCl was measured and the results are shown in Fig. 6 . It can be seen that the lead-free transducer is capable of sensing the effect of low concentration as shown in Fig. 6(a) . Figure 6 (b) shows that the velocity of sound increases linearly as the concentration of NaCl increases. Figure 7 shows similar phenomenon with KCl solution. The results obtained from low concentration tests depend on the resolution of the measuring instrument. The slopes of acoustic velocity versus wt. % of KCl and NaCl are found to be 4.5 and 8.5 ms −1 wt. % −1 , respectively. These results are in agreement with the reported values. 13 Besides, the acoustic velocity and attenuation coefficient of alcohol (C 2 H 5 OH) were also measured. The attenuation coefficient α is determined by where A 1 (f) and A 2 (f) are the peak-to-peak voltage measured in water and alcohol, respectively. The sound velocity of alcohol is determined to be 1160 m/s, and Fig. 8 shows the variation of attenuation coefficients of alcohol at different frequencies. The attenuation was found to increase with the frequency and these results agree with literature. 14, 15 Compared with the lead-based materials, 6 the results suggest that the sensitivity of the lead-free transducer can be comparable. It can be concluded that the use of the lead-free transducer for the application of acoustic properties measurement can provide high sensitivity, high resolution, and the ability to cover a large range of concentrations.
IV. CONCLUSION
We have reported the design and fabrication of a highfrequency ultrasound transducer made from the lead-free BSZT ceramic. By integrating the transducer into a microchannel, a fast and accurate measurement could be made with a small amount of liquid. This suggests the potential of using this device for biomedical and industrial applications. For example, the rheological properties of blood or petrol, such as velocity and attenuation, can be evaluated by this system.
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